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Chapter 1 Introduction 
Dendritic cells (DCs) were first identified in the peripheral lymphoid organs 
of mice (Steinman and Cohn 1973), specializing in antigen uptake and 
processing as an antigen-presenting cell (APC). DCs also play an important 
role in the innate and adaptive immune response (Banchereau and Steinman 
1998). The phenotypic and functional characterizations of peripheral blood 
DCs in the human have been described in several studies (Thomas, Davis, 
and Lipsky 1993, Odoherty et al. 1994, MacDonald et al. 2002). However, 
the phenotype and function of peripheral blood DCs in cattle remain poorly 
understood. Previous works showed that in the late gestation, the cows had 
a heightened susceptibility to persistent infections caused by mastitis and 
abortion-causing pathogens (Green et al., 2002; Williams et al., 2000). 
However, the function for maintaining the tolerance during the pregnancy 
has not been clearly described in DCs in bovine blood.  
In recent years, Bacillus subtilis has been widely used in livestock as feed 
probiotics additives, but there were few reports studying on dairy cattle. We 
revealed that the number of DCs in bovine peripheral blood decreased in 
mastitis, and that the feeding of Bacillus subtilis C-3102 strain (BS) 
prevented the cattle from mastitis. However, the mechanism of mastitis 
prevention by DCs has not been described clearly in dairy cattle feeding a 
diet with BS probiotics.  
In this study, we first have established a novel method for the purification 
of DCs from bovine PBMC using Magnetic-activated cell sorting (MACS), 
and then investigated the effect of BS probiotics on bovine peripheral blood 
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DCs before and after parturition. 
 
Chapter 2 Purification and surface marker analysis of bovine peripheral 
blood dendritic cells 
A previous study revealed that DCs were identified at 0.1-0.7% of PBMC 
(Renjifo et al., 1997). Because of the low percentage of DCs in the PBMC, 
it was necessary to deplete the non-DC from bovine PBMC (Renjifo et al., 
1997; Miyazawa et al., 2006; Gibson et al., 2012; Sei et al., 2014). In this 
study, a novel method for the purification of DCs from bovine PBMC using 
Magnetic-activated cell sorting (MACS) was established, and the phenotype 
of bovine peripheral DCs was analyzed. 
Sixteen Holstein Friesian cows were used in this study. Jugular venous 
blood was obtained from the cows at one month prior to parturition, and 
peripheral blood mononuclear cells (PBMC) were separated from the buffy 
coat. DCs were purified by a two-step MACS method from PBMC. The 
expressions of surface markers such as MHC Class II, CD40, CD80 and 
CD86 on DCs were analyzed by flow cytometry. 
Fig.1 showed the purification process of bovine peripheral blood DC. The 
negative selection using MACS removed T cells (CD3+), B cells (surface 
IgM+), monocytes (CD14+) and granulocytes from PBMC, and these 
populations in negative-selected cells disappeared (Fig.1 B). After the 
negative selection, CD172a+/CD11c+ cells were found to represent about 6.5% 
of the negative-collected cells and also expressed MHC class II on the cell 
surface. Next, CD172a+/CD11c+ cells from the negative-selected cells was 
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purified. The positive selection with CD172a antibody revealed that the 
purity of CD172a+/CD11c+ dendritic cells was 84.8%, and that they also 
expressed MHC class II strongly. 
Next, negative- and positive-selected cells were centrifuged onto glass 
slides by cytospin, and then were viewed using a Laser Scanning Microscope. 
The photographs also showed that almost all the positive-selected cells 
expressed CD172a, CD11c and MHC class II, which were considered as the 
bovine peripheral blood dendritic cells. The method for the purification of 
DCs from PBMC using two-step MACS was succeed. 
DCs expressed the molecules of MHC class II (98.48±0.54%) and CD40 
(94.98±0.88%). The percentages of CD205, CD80 and CD86 positive cells 
were 17.08±3.97, 29.68±4.23, and 23.50±6.02 of CD172a+/CD11c+ DCs 
(Fig.3 A). Before parturition, there were strong correlations between the 
percentage of CD86 and the percentages of CD80 or CD205 on 
CD172a+/CD11c+ DCs (Fig.3 B). It suggested that there were both immature 
DCs and activated DCs in the peripheral blood, and that the peripheral blood 
DCs might have the potential of regulation for T cell lineage. 
 
Chapter 3 Effect of Bacillus subtilis C-3102 stain as feed probiotics 
additives on surface markers of bovine peripheral blood dendritic cells 
before and after parturition 
DCs are specialized antigen-presenting cells that regulate both immunity 
and tolerance. DCs in the periphery play a key role in induction of T cell 
immunity, as well as tolerance. DCs are phenotypically and functionally 
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heterogeneous, and further classified into several subsets depending on 
distinct marker expression and their location. Co-stimulatory molecules were 
necessary to the T-cell responses and were up-regulated during DC activation 
(Cools et al., 2007). 
Six cows were fed without BS probiotics as the control-feeding group, and 
the other ten cows were fed a diet with BS probiotics (20 g, 1.5×108 CFU/g) 
twice a day for two months before and after parturition. At one month before 
and after the parturition, total PBMC were separated from the jugular venous 
blood of cows, and DCs were purified by the method established in chapter 
2. After the MACS negative selection, the proportion of the 
CD172a+/CD11c+ DCs in the peripheral blood and the expressions of surface 
markers such as MHC Class II, CD205, CD40, CD80 and CD86 on DCs were 
analyzed by flow cytometry. 
The increase rate of bovine peripheral blood CD172a+/CD11c+ DCs did 
not change in the control-feeding group before and after parturition. 
However, the BS-feeding significantly increased (p<0.01) the proportion of 
CD172a+/CD11c+ DCs after parturition (Fig.4). As shown in Figure 5, no 
differences of the proportion of MHC class II, CD40, CD205 and CD86 
positive cells before and after the parturition were detected in both the 
control and BS feeding groups. However, the proportion of CD80 positive 
cells of DCs remained unchanged in the control-feeding group throughout 
the parturition while that in the BS-feeding group significantly increased 
(p<0.05) after parturition (Fig.5). As previously elaborated in chapter 2 
(Fig.3 B), before parturition, the research discovered strong correlations 
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between the percentage of CD86 and the percentages of CD80 and CD205 on 
DCs. After the parturition, the strong correlations remained in the control-
feeding group. However, in the BS-feeding group, although the strong 
correlation between CD80 and CD86 was found, the correlation between 
CD86 and CD205 disappeared (Fig.6). 
Therefore, Bacillus subtilis feeding significantly increased the proportion 
of DCs and the expression of the surface co-stimulatory molecule CD80 
compared to those in the control-feeding group. To this end, this research 
believes that the BS-feeding has induced the differentiation of immature DCs 
into activated DCs. 
 
Chapter 4 Effect of Bacillus subtilis C-3102 stain as feed probiotics 
additives on cytokine gene expression and its correlation with surface 
markers of bovine peripheral blood dendritic cells before and after 
parturition 
DCs collect and process antigens for presentation to T cells, and differ in 
the regulatory signals they transmit, directing T cells to different types of 
immune response or to tolerance (Shortman & Liu, 2002; Steinman, 1991). 
DCs may determine the specificity, the amplitude, and the character (Th1 ⁄ 
Th2) of the immune response. Therefore, we also investigated the cytokine 
production of the DCs and the correlations between expression of cytokine 
and co-stimulatory molecules. 
Ten cows were fed without BS probiotics as the control-feeding group, and 
the other ten cows were fed a diet with BS probiotics (20 g, 1.5×108 CFU/g) 
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twice a day for two months before and after parturition. At one month before 
and after the parturition, total PBMC were separated from the jugular venous 
blood of cows, and DCs were purified by the method established in chapter 
2. After the purification, the expressions of surface markers CD80 on DCs 
were analyzed by flow cytometry, and the gene expressions of cytokines such 
as IL-12a, IL-12b, IFN-γ, IL-4, IL-10, TGF-β and IL-6 of DCs were analyzed 
by qRT-PCR. 
In the both groups, the gene expressions of IL-12a and IL-12b in DCs 
presented no differences before and after parturition. The gene expression of 
IFN-ɤ in the control-feeding group after parturition was significantly 
(p<0.01) higher than that before the parturition (Fig.7). No differences in the 
gene expressions of IL-4 and IL-10 of DCs were detected (Fig.8). The gene 
expression of IL-6 did not vary after parturition. However, the gene 
expression of TGF-β in the control-feeding group after parturition was 
significantly (p<0.01) higher compared to that before parturition, but in BS-
feeding group did not increase after parturition, which was significantly 
(p<0.01) lower than that in the control-feeding group (Fig.9). 
Based on the expressions of cytokines in DCs, the correlations between 
cytokine expressions and surface marker expression in DCs were analyzed 
and shown in Figure 10. There was a strong correlation (p<0.01) between IL-
12a gene expression and CD80 positivity before parturition. However, after 
parturition, this correlation disappeared in the control-feeding group while 
remained in the BS-feeding group. This research also discovered the 
correlations (p<0.01 and p<0.05) between IFN-ɤ and IL-4 gene expressions 
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with CD80 positivity before parturition, which disappeared after parturition 
in the two groups. Before parturition, TGF-β and IL-6 gene expressions were 
neither found correlated with CD80 positivity, or in the control-feeding 
group after parturition. However, after parturition, a strong negative 
correlation (p<0.05) between TGF-β with CD80 in the BS-feeding group was 
observed, whilst a strong positive correlation (p<0.01) between IL-6 with 
CD80 was identified. 
The results demonstrate that in the control-feeding group, gene 
expressions of IFN-ɤ and TGF-β of bovine peripheral blood dendritic cells 
significantly increased after the parturition. The DCs in the control-feeding 
group may lead the immunity towards tolerance. And DCs of the BS-feeding 
group may have the ability to lead naive T cells to cell-mediated immunity 
involved in the removal of bacteria. 
 
Chapter 5 Conclusions 
A novel method for the purification of the CD172a+/CD11c+ DCs with high 
expression of MHC class II at 84.8% purity from bovine PBMC by using 
MACS was successfully established in this study. The individual differences 
existed in the expressions of CD205, CD80 and CD86 molecules on DCs. 
The BS-feeding significantly increased the proportion of CD172a+/CD11c+ 
DCs and CD80 positive DCs in the peripheral blood one month after 
parturition compared with that before parturition. The TGF-β expression of 
DCs in the control-feeding group after parturition was significantly higher 
than that before parturition. In DCs of the BS-feeding group after parturition, 
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we observed that there was a strong negative correlation between the 
expression of TGF-β and the co-stimulatory factor CD80 molecule 
expression, and that there were positive correlations between the expressions 
of IL-12a and IL-6 and the CD80 expression. 
These results suggested that the BS-feeding prevented the cattle from 
mastitis by increasing the proportion of DCs in bovine peripheral blood, and 
that the Bacillus subtilis C-3102 strain changed the surface markers and the 
cytokine production in DCs. These data also indicate that DCs of the BS-
feeding group may have the ability to lead naive T cells to cell-mediated 






































































Fig.3 Phenotypic characterization of bovine peripheral blood 












Fig.4 Increase rate of bovine peripheral blood CD172a+/CD11c+ 



























Fig.5 Comparison of surface molecules expressed on bovine peripheral 


















Fig.6 Relationship between CD86 expressions and the expression of CD80 
or CD205 in bovine peripheral blood CD172a+/CD11c+ dendritic cells 



























Fig.7 Expressions of cytokine IL-12a, IL-12b and IFN-γ in bovine 



















Fig.8 Expressions of cytokine IL-4 and IL-10 in bovine peripheral blood 






















Fig.9 Expressions of cytokine TGF-β and IL-6 in dendritic cells from 
























Fig.10 Relationships between expressions of cytokines and CD80 in 
















Fig.11 Differentiation induction and function of T helper cells 
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旨
 
 
乳
房
炎
は
ウ
シ
の
疾
病
の
中
で
最
も
発
生
率
が
多
く
、
経
済
的
な
損
失
は
年
間
1
0
0
0
億
円
と
推
定
さ
れ
て
い
る
。
現
在
、
乳
房
炎
治
療
の
多
く
が
抗
生
剤
を
用
い
た
治
療
を
中
心
に
行
わ
れ
て
お
り
、
乳
房
炎
牛
の
生
乳
や
食
肉
か
ら
メ
ン
シ
チ
リ
ン
耐
性
黄
色
ブ
ド
ウ
球
菌
(M
R
S
A
)の
検
出
は
世
界
的
に
多
く
報
告
さ
れ
、
食
肉
、
牛
乳
を
介
し
て
耐
性
菌
が
ヒ
ト
に
伝
播
し
て
い
く
可
能
性
が
大
い
に
考
え
ら
れ
る
。
よ
っ
て
、
そ
の
防
除
は
今
日
の
獣
医
畜
産
領
域
に
お
い
て
重
大
な
課
題
で
あ
り
、ウ
シ
乳
房
炎
の
発
症
機
構
の
解
明
と
そ
の
治
療
法
の
開
発
が
望
ま
れ
て
い
る
。樹
状
細
胞
は
骨
髄
中
の
未
熟
な
前
駆
細
胞
か
ら
分
化
し
て
主
要
組
織
適
合
性
抗
原
複
合
体
(M
H
C
)ク
ラ
ス
II
分
子
を
恒
常
的
に
発
現
し
、
抗
原
提
示
を
行
う
免
疫
応
答
に
必
須
な
細
胞
で
あ
り
、
体
中
の
あ
ら
ゆ
る
組
織
や
器
官
に
分
布
し
、
調
節
性
T
細
胞
(T
re
g
)を
活
性
化
し
、
エ
フ
ェ
ク
タ
ー
T
細
胞
の
誘
導
を
抑
制
し
て
キ
ラ
ー
T
細
胞
を
積
極
的
に
産
生
す
る
こ
と
に
よ
り
、病
原
性
微
生
物
や
そ
の
感
染
細
胞
を
生
体
か
ら
効
率
的
に
排
除
し
、
炎
症
制
御
に
お
い
て
主
要
な
役
割
を
担
っ
て
い
る
。
し
か
し
な
が
ら
、
乳
房
炎
に
お
け
る
樹
状
細
胞
の
機
能
発
現
機
構
は
殆
ど
解
析
さ
れ
て
い
な
い
の
が
現
状
で
あ
っ
た
。 
 
本
研
究
に
よ
っ
て
、
樹
状
細
胞
の
純
度
は
ウ
シ
末
梢
血
中
細
胞
よ
り
交
叉
反
応
を
す
る
T
細
胞
、B
細
胞
お
よ
び
単
球
を
そ
れ
ぞ
れ
に
特
異
的
な
抗
体
と
反
応
さ
せ
て
磁
気
ビ
ー
ズ
法
(M
A
C
S
法
)で
除
去
す
る
ネ
ガ
テ
ィ
ブ
精
製
で
3
％
に
、さ
ら
に
C
D
1
7
2
a
抗
体
に
よ
る
ポ
ジ
テ
ィ
ブ
精
製
後
の
細
胞
で
は
8
0
%
以
上
と
な
る
、ウ
シ
血
中
樹
状
細
胞
の
精
製
法
の
確
立
に
世
界
で
始
め
て
成
功
し
た
。
ま
た
、
ウ
シ
末
梢
血
樹
状
細
胞
は
組
織
型
C
D
2
0
5
の
発
現
が
確
認
さ
れ
た
こ
と
よ
り
、未
分
化
状
態
か
ら
活
性
型
に
分
化
し
て
い
る
細
胞
が
存
在
す
る
こ
と
が
明
ら
か
に
し
た
。
 
枯
草
菌
給
与
が
ウ
シ
の
乳
房
炎
発
症
を
予
防
し
、
乳
汁
中
体
細
胞
数
を
減
少
さ
せ
、
ス
ト
レ
ス
因
子
の
血
液
中
コ
ル
チ
ゾ
ー
ル
お
よ
び
T
B
A
R
S
の
値
が
有
意
に
低
い
状
態
を
も
た
ら
す
が
、
そ
の
作
用
機
構
は
明
ら
か
に
さ
れ
て
い
な
い
の
が
現
状
で
あ
っ
た
。
本
研
究
に
よ
っ
て
、
枯
草
菌
給
与
は
樹
状
細
胞
に
お
け
る
T
細
胞
へ
の
第
2
シ
グ
ナ
ル
C
D
8
0
の
発
現
を
有
意
に
増
加
さ
せ
る
こ
と
が
明
ら
か
と
な
っ
た
。
ま
た
、
樹
状
細
胞
マ
ー
カ
ー
C
D
8
0
と
サ
イ
ト
カ
イ
ン
発
現
と
の
相
関
解
析
に
よ
り
、分
娩
1
ヶ
月
後
に
枯
草
菌
給
与
牛
で
は
IL
-1
2
a
お
よ
び
IL
-6
と
の
強
い
相
関
性
へ
と
誘
導
さ
れ
る
こ
と
が
確
認
さ
れ
た
。
以
上
の
結
果
よ
り
、
枯
草
菌
給
与
は
樹
状
細
胞
の
表
面
マ
ー
カ
ー
と
産
生
す
る
サ
イ
ト
カ
イ
ン
を
変
化
さ
せ
、
未
熟
T
細
胞
を
T
h
1
（
細
胞
内
細
菌
除
去
な
ど
）
お
よ
び
T
h
1
7
（
細
胞
外
細
菌
除
去
な
ど
）
サ
ブ
セ
ッ
ト
へ
分
化
誘
導
す
る
事
が
明
ら
か
と
な
っ
た
。
 
 
本
研
究
は
、枯
草
菌
給
与
に
よ
る
乳
房
炎
発
症
予
防
に
は
樹
状
細
胞
の
活
性
化
機
構
が
強
く
関
わ
っ
て
い
る
こ
と
を
発
見
し
、乳
房
炎
発
症
制
御
技
術
の
開
発
な
ど
の
研
究
に
多
大
な
貢
献
を
も
た
ら
す
こ
と
が
大
い
に
期
待
さ
れ
る
研
究
で
あ
る
こ
と
を
高
く
評
価
し
、審
査
員
一
同
は
、
本
研
究
成
果
が
博
士
(農
学
)の
学
位
を
授
与
す
る
に
値
す
る
研
究
で
あ
る
と
認
定
し
た
。
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